Abstract: Current international design guidelines provide predictive design equations for the strengthening of reinforced concrete ͑RC͒ columns of both circular and prismatic cross sections by means of fiber-reinforced polymer ͑FRP͒ confinement and subjected to pure axial loading. Extensive studies ͑experimental and analytical͒ have been conducted on columns with circular cross sections, and limited studies have been conducted on members with noncircular cross sections. In fact, the majority of available research work has been on small-scale, plain concrete specimens. In this review paper, four design guidelines are introduced, and a comparative study is presented. This study is based on the increment of concrete compressive strength and ductility and includes the experimental results from six RC columns of different cross-sectional shapes. The observed outcomes are used to identify and remark upon the limits beyond the ones specifically stated by each of the guides and that reflect the absence of effects not considered in current models. The purpose of this study is to present a constructive critical review of the state-of-the-art design methodologies available for the case of FRP-confined concrete RC columns and to indicate a direction for future developments.
Introduction
Confinement of reinforced concrete ͑RC͒ columns by means of fiber-reinforced polymer ͑FRP͒ jackets is a technique being frequently used to seek the increment of load carrying capacity and/or ductility of such compression members. The need for improved strength results from higher load capacity demands because of change in the structure's use or more stringent code requirements. Improving ductility stems from the need for energy dissipation, which allows the plastic behavior of the element and, ultimately, of the structure. Ductility enhancement is typically required in existing columns that are subjected to a combination of axial load and bending moment because of a change in code ͑e.g., to account for seismic provisions͒ or a correction for design or construction errors ͑e.g., improper splicing of the longitudinal reinforcement or lack of transverse ties͒.
Extensive work in both the experimental and analytical areas has been conducted on small plain concrete specimens of circular and noncircular cross sections confined with FRP and subjected to pure axial compressive loading. This work has led to the development of several stress-strain models ͑the majority being empirical͒ of two types ͑Lam and Teng 2003a͒: design-oriented, where the axial compressive strength, the ultimate axial strain, and the stress-strain behavior are determined using closed-form expressions mainly obtained by best-fitting the results of experimental data ͑Fardis and Khalili 1981; Restrepo and De Vino 1996; Miyauchi et al. 1997; Samaan et al. 1998; Toutanji 1999; Xiao and Wu 2000; Lam and Teng 2003a,b͒; and analysis-oriented, on which the construction of the stress-strain response is obtained using an incremental numerical procedure ͑Spoelstra and Monti 1999; Fam and Rizkalla 2001͒. Studies focused on RC columns of both circular and noncircular cross sections of considerable size ͓minimum side dimension of 300 mm ͑12 in.͔͒ have also been conducted ͑Demers and Neale 1999; Kestner et al. 1997; Chaallal and Shahawy 2000; Wang and Restrepo 2001; Youssef 2003; Carey and Harries 2003; Matthys et al. 2005͒ ; however, this experimental research has been limited due to high cost and lack of high-capacity testing equipment. This situation has been the main reason for overlooking the following important effects on element performance not accounted for in most of the available models:
• The size of the cross-sectional area; • The dimensional aspect ratio of the cross-sectional area;
• The presence and possible detrimental effect of longitudinal steel reinforcement instability; • The concrete dilation dependent on a pseudo-Poisson's ratio; and • The contribution of the internal transverse steel reinforcement.
In spite of these obstacles, several models have been proposed for the case of noncircular columns ͑Harries et al. 1997; Wang and Restrepo 2001; Lam and Teng 2003b; Maalej et al. 2003͒ and have become the basis for design provisions. In particular, the predictive equations found in the current design guides ͑ACI Note. Discussion open until July 1, 2008. Separate discussions must be submitted for individual papers. To extend the closing date by one month, a written request must be filed with the ASCE Managing Editor. The manuscript for this paper was submitted for review and possible publication on 2001͒ are mostly based on approaches created for columns with circular cross section and then modified by a "shape factor" or "efficiency factor." This factor is intended to account for the geometry of the section and its effect on the confining pressure, which is no longer uniformly applied by the FRP jacket as for the case of circular cross sections.
Response to Axial Load
The purpose of this study is to use pertinent experimental evidence to identify and remark on the differences in the design methodologies used by the existing available design guides on the FRP confinement of RC columns of different cross sections and subject to pure axial loading. The following fundamental reasons further clarify the purpose of this study:
• Understanding of pure axial performance addresses both the load capacity increase ͑strengthening͒ and ductility enhancement. The latter, in particular, is the result of strain enhancement in terms of both ultimate value and shape of the stress-strain curve ͑see Fig. 1͒ ; • Increase in strength is an immediate and evident outcome typically expressed as the peak load resistance ͑or peak strength obtained as maximum load minus the contribution of steel and divided by the gross concrete area͒. Conversely, increase in ductility is a more complex performance indicator that needs to be translated into the ability of a member to sustain rotation and drift without a substantial loss in strength. Ductility enhancement under pure compression conditions is not of great use in itself, but it becomes of great importance in the case of combined axial compressive load and bending moment; • Depending on the level of confinement, the stress-strain behavior of a RC column can be modified to the point that peak capacity corresponds to the ultimate attainable axial strain. This modification would be ideally represented by a practically bilinear stress-strain diagram with an ascending ͑rather than descending͒ second branch ͑see Curve d- Fig. 1͒ ; and • Understanding the effect of all the parameters contributing to the behavior of a FRP-confined RC column ͑contrast of the ideal cross-sectional behavior with that of a column where phenomena such as the instability of longitudinal reinforcement that is member-dependent and not simply cross-sectional dependent, needs to be considered͒ will help represent and predict such behavior ͑see Fig. 1͒ . Thus, the performance of a column subjected to combined axial force and bending moment would be greatly simplified, and addressing structural ductility in more rigorous terms would become easier. For the purpose of this paper and for the interpretation of experimental results, clear and unequivocal definitions of strength and ductility parameters are necessary:
• f co Ј and f cc Ј represent the peak concrete strengths corresponding to the maximum load carried by the RC column for unconfined and confined cases, respectively; and 
Review of Design Guidelines
The documents considered in this review are as follows: "Guide for the Design In the presentation and discussion of the different design methods provided by the guidelines, a uniform set of parameters, which may be different from the original ones, has been adopted for consistency. They are referenced in a notation list at the end of the document.
No design guideline or recommendations from the Japan Concrete Institute or the Japan Society of Civil Engineers are included in this discussion because the case of pure axial strengthening of columns is not specifically addressed. In fact, the available documents only refer to enhancement of ductility in terms of drift under seismic loads.
Regarding the design philosophies adopted by each of these codes, the recommendations for the design of RC members strengthened with FRP are based on limit states design principles, which provide acceptable levels of safety against ultimate ͑col-lapse͒ and serviceability limit states. The combinations of loads to be considered when determining the design capacity of a structural member are affected by amplifications factors ͑greater than 1.0͒, which account for the probability of the actual loads being larger than the expected ones. The design capacity is also affected by reduction factors that take into consideration the possibility of the resistances being less than calculated ͑MacGregor 1997͒.
While all guidelines have a consistent approach to the load amplification factors ͑even if the coefficients may be different͒, strength reduction factors are addressed in two different ways. For the American Concrete Institute ͑ACI͒, the strength reduction factors ͑less than the value of 1.0͒ multiply the computed overall nominal capacity, and they are internal force dependent: normal ͑flexure and axial compression͒ and shear. For Canadian Stan- dards Association ͑CSA͒, the Concrete Society, and fedération internationale de béton ͑fib͒ material safety factors are applied individually to each of the material components of the member ͑concrete, steel reinforcement, and FRP when applicable͒ during the computation of the resistance. These material safety factors are indicated as ␥ factors larger than the value of 1.0 and used as dividers, with the exception of CSA ͑where the factors are less than 1.0 and used as multipliers͒.
For the case of FRP materials, ACI and the Concrete Society consider additional material safety factors, which depend upon the type of composite material, manufacturing process, method of application, and the exposure condition ͑environmental͒. Table 1 shows the reduction factors and material safety factors used by the different guidelines. Note that the subscripts "c," "s," and "f" refer to concrete, reinforcing steel, and FRP, respectively. As the guideline provided by ACI Committee 440 ͑ACI 2002͒ is based on the requirements of the building code ACI 318-1999 edition ͑ACI 1999͒, the reduction factors presented in Table 1 correspond to such edition for the case of axial loading. Table 2 presents the limits of the design guidelines and type of models adopted. The first column in Table 2 features the guide acronym. The second column shows the type of cross section. The third column presents the restrictions, which are related to the type of compressive load application ͑concentric͒, maximum side dimensions, maximum side-aspect-ratio ͑h / b͒, and minimum corner radius of the noncircular cross section ͑r͒. All the guidelines, with the exception of fib, set a maximum side-aspect-ratio equal to 1.5 and state that confining effects for cases beyond this limit should be neglected, unless demonstrated by experimental evidence. Neither CSA nor fib point out any limiting value regarding a maximum dimension of the sides of the cross section. An upper limit is given by the Concrete Society with a value of 200 mm ͑8 in.͒ followed by ACI with 900 mm ͑36 in.͒. The fourth column in Table 2 shows the design approaches and the models adopted by each guideline. Note that the models adopted by both ACI and fib may be considered as steel-based models, because of the common "root" on the Mander model ͑Mander et al. 1988͒, originally developed for steel-confined concrete. The rest may be classified as empirical or analytical models, directly developed for FRPconfined concrete ͑De Lorenzis and Tepfers 2001͒. Tables 3 and 4 present a synopsis of the expressions provided by each guideline for the calculation of the effective confinement pressure ͑f l ͒, maximum compressive strength ͑f cc Ј ͒, and ultimate axial strain ͑⑀ ccu ͒ for the cases of FRP-confined RC columns of circular and noncircular cross sections, respectively.
American Concrete Institute "ACI Committee 440.2R-02…, 2002
The approach presented by the current ACI Committee 440 ͑ACI 2002͒ for compressive strength enhancement is based on the formula originally developed by Mander et al. ͑1988͒ for steelconfined concrete, which was later shown by Spoelstra and Monti ͑1999͒ to be applicable for the case of FRP-confined concrete. More details on the work conducted by the latter authors on this model are presented when addressing the fib document.
The formula by Mander et al. ͑1988͒ was adapted for the determination of the maximum strength enhancement that FRP confinement is able to provide. This was based on the fact that up to the yielding point of the steel no difference exists in the mechanics of confinement in between steel and FRP because they both behave linearly elastic.
The formula for f cc Ј in ACI provides the peak axial stress of the Mander curve corresponding to a confinement pressure limited by the effective transverse or hoop strain attained at failure by the FRP ͑⑀ fe ͒. This expression is explicitly for members under both compression and bending effects, and as no recommendation is 
Concrete Society A limit is suggested for the applicability of the stress-strain model ͓Eq. ͑2͔͒. For cases where the ⑀ ccu is larger than 0.01, it is recommended to obtain f cc Ј from the stress-strain curve at the value corresponding to ⑀ cc = 0.01
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"Exact" formulas: "Exact" formulas:
"Practical" formulas: "Practical" formulas:
noted for pure compression, it is inferred that it is applicable also to this case. The definition of this effective strain ͑⑀ fe ͒ was based on experimental evidence of completely FRP-wrapped columns and beams ͑Priestley et al. 1996͒, where loss of aggregate interlock in the concrete had been observed to occur at fiber strain levels less than the ultimate fiber strain. Hence, to avoid this type of failure, the maximum strain used for shear strengthening applications was set to the lesser of 0.004 or 75% of the FRP rupture strain ⑀ fu . Although this guideline introduces a limiting level of FRP strain, such restriction is not based on the generally acknowledged fact that the value of the FRP failure strain is less than the one observed in pure tensile test because the FRP is subjected to combined tensile stress and laterally applied pressure resulting from concrete dilation. The confinement pressure is also affected by a factor k s or efficiency factor ͑Restrepo and De Vino 1996͒ introduced to account for the geometry of the noncircular cross section. ACI provides an expression to determine the axial deformation corresponding to the peak strength for columns of circular and prismatic cross sections ͑⑀ cc ͒ ͑Mander et al. 1988͒. This strain corresponds to the ultimate axial strain ⑀ ccu in the cases where a bilinear stress-strain curve with an ascending second branch is observed ͑see Curve d- Fig. 1͒ . However, for cases corresponding to lightly confined columns ͑see Curve b- Fig. 1͒ or the heavily confined, softening case ͑see Curve c- Fig. 1͒ , the expression provided by this guide yields the strain corresponding to the peak stress and not the ultimate strain.
Canadian Standard Association S806-02 "CSA 2002…
Regarding CSA S806-02 guideline ͑CSA 2002͒, the maximum confined concrete compressive strength ͑for which no model of reference is provided in the guide͒ is given by
The definition of the parameter k l resembles the expression empirically derived by Saatcioglu and Razvi ͑1992͒ for the confinement coefficient in the well-known equation provided by Richart et al. ͑1928͒: f cc
. Since Eq. ͑1͒ was obtained from experiments on cylindrical concrete specimens confined under hydrostatic pressure, the introduction of the 
Not provided
shape factor k s in this guideline is intended to account for the different shape of the cross section. In fact, k s = 1.0 and 0.25 for circular and noncircular cross sections, respectively. The confinement pressure f l , in the case of noncircular cross sections, is computed based on the formula derived from the equilibrium of forces developed in a circular cross section under confinement action, where the diameter D corresponds to the minimum side dimension of the noncircular cross section ͑CSA 1994͒. The maximum stress that the FRP jacket can attain at failure ͑f fe ͒ is based on the same strain limitation given by ACI. No expression for the calculation of the ultimate axial strain for confined concrete is provided in the guide.
Concrete Society Technical Report No. 55 2004
For columns of circular cross sections, the Concrete Society proposes a design-oriented model, developed by Lam and Teng ͑2003a͒. This model was calibrated against all the experimental data available at the time. As shown in Fig. 2 , the confined concrete model is basically composed of an initial parabolic branch followed by an ascending linear branch with a smooth transition at the strain value ⑀ t . The model is only applicable for monotonically increasing values of confined compressive strength ͑no softening or descending second branch͒; therefore, a criterion of minimum confinement ͑Xiao and Wu 2000͒ is established and is given as follows: 
͑3͒
With regards to the ultimate axial strain of the confined concrete ⑀ ccu , the expression provided in this guideline was the one proposed by Lam and Teng ͑2003a͒ in their original model ͑see Table 3͒ . This expression implies the dependence of the ultimate axial deformation on the stiffness provided by the FRP jacket and contemplates nonlinearity determined through trends from test data ͑same database used for calibration of model͒. The nonlinearity coefficients reflect the fact that the secant Poisson's ratio of FRP-confined concrete ultimately depends strongly on the confinement stiffness ratio: 2E f nt f / E sec D. Additionally, the suggested equation for the ultimate strain includes a strain efficiency factor ͑0.6͒ proposed by the authors of the model, and again, calibrated experimentally. The guideline recommends that if the ultimate axial strain ⑀ ccu were to be greater than 0.01, then the design failure stress should be taken as the value corresponding to ⑀ ccu equal to 0.01 from the stress-strain curve ͑see Table 3͒ .
The expression to predict the compressive strength of FRPconfined concrete in members of noncircular cross sections was based on an equation originally developed for circular cross sections: f cc
Ј+ k l k s f l , where k l was derived empirically and conservatively taken as 2.0. Additionally, k s represents the effective confinement area ratio ͑A e / A c ͒ divided by the side aspect ratio ͑h / b͒. The confinement pressure f l is given in terms of the equivalent diameter D, which is defined by Teng et al. ͑2002͒ as the diagonal distance of the cross section ͑see Fig. 3͒ . The model was originally proposed by Teng et al. ͑2002͒ and calibrated against a database composed of plain concrete specimens of minimum and maximum cross-sectional dimensions of 150 ϫ 150 mm ͑6 ϫ 6 in.͒ and 150ϫ 225 mm ͑6 ϫ 9 in.͒, respectively, and side-aspect-ratios of 1.0, 1.3, and 1.5. Whereas this model considers the generally accepted approach of an effectively confined area defined by four second-degree parabolas with initial slopes of diagonal lines between the column corners, the Concrete Society recommends a simpler assumption of the initial slopes starting at 45°to the face of the column. The concept of an ineffectively confined area when the parabolas overlap ͑for sideaspect-ratios h / b greater than the value of 2.0͒ is introduced in the calculation of the effectively confined area of concrete ͑A e ͒ ͑see Fig. 3͒ . This feature was adopted from the model proposed by Maalej et al. ͑2003͒ . For the case of FRP-confined concrete members of noncircular cross sections, no provision is given for the calculation of the ultimate axial strain ⑀ ccu .
Technical Report by the Fédération internationale du Béton "fib Bulletin 14 … 2001
The design recommendations provided by fib for columns of circular and noncircular cross sections are based on the model proposed by Spoelstra and Monti ͑1999͒. These authors developed an iterative analysis-oriented model for circular columns from which two sets of closed-form equations for maximum confined concrete compressive strength f cc Ј and ultimate axial strain ⑀ ccu were derived: "Exact" and "approximate" formulas. The former requires the prior calculation of the parameters f cc * and ⑀ cc * of the Mander stress-strain curve, and the secant modulus of elasticity at ultimate E sec,u ͓Eq. ͑4͔͒. The latter are alternative expressions obtained by Spoelstra and Monti ͑1999͒ based on regression analysis of the proposed model results, and they only require the prior calculation of the confinement pressure f l . These formulas are more readily used for design purposes. This analysis was based on the assumptions of ⑀ c Ј of 0.2% and a variation of E c of 20% 
A particular feature of the model presented by Spoelstra and Monti ͑1999͒ is the inclusion of a parameter ␤ to account for the physical degradation of concrete when subjected to loading ͓Eq. ͑5͔͒. This parameter was originally developed by Pantazopoulou and Mills ͑1995͒ in a constitutive model for unconfined concrete under uniaxial compressive loading and was first obtained in terms of physical properties ͑e.g., the volumetric fraction of paste per unit volume of concrete and the water-cement ratio͒. However, the parameter was adapted by Spoelstra and Monti to depend on more commonly available mechanical properties, such as f c Ј, ⑀ c Ј, and E c :
In addition, fib highlights that the hoop failure strain of the FRP jacket, based on experimental evidence, is lower than the ultimate strain obtained by tensile testing of the material. The guideline points out that this reduction is due to several reasons, such as the quality of execution ͑fibers not perfectly aligned or surface preparation not appropriate͒, the size effect when applying several layers, the effect of wrapping the material on the corners of low radius, and the combined state of stress of the FRP wrapping. Because of the lack of data on these effects, no appropriate reduction factors are suggested at the present time.
In the case of columns of circular cross sections, for the calculation of the effective confinement pressure exerted by the FRP jacket ͑f l ͒, fib provides a confinement effectiveness coefficient k e less than 1.0 for a confinement by partial wrapping and equal to 1.0 for a confinement by full wrapping ͓See Fig. 4 and Eq. ͑6͔͒ ͑Mander et al. 1988͒. In the case of noncircular columns, a parameter k s still introduces the confinement effectiveness but in a geometrical way ͓Eq. ͑7͔͒. The guideline does not include provisions for the consideration of an additional factor that accounts for the effect of partial wrapping in noncircular specimens,
Comparative Study of Guidelines Predictive Equations
To evaluate the performance and contrast the different approaches taken by the guidelines for the determination of the compressive strength ͑f cc Ј ͒ and the ultimate axial compressive strain for confined concrete ͑⑀ ccu ͒, a total of six RC column specimens ͑three strengthened specimens with their corresponding control units͒ of different cross-sectional shapes ͑circular, square, and rectangular͒ and equal gross areas ͑A g ͒ were selected, designed, constructed, and tested. These specimens were part of a research study on the size effect of FRP-confined RC columns recently conducted ͑Rocca et al. 2006͒. This assessment is not intended to be comprehensive, but the three relevant cases presented here indicate the trends of the guidelines under study. Table 5 shows the characteristics of each of the specimens selected. The first column shows the specimen acronym, where the letter in each label indicates the shape of the cross section: Cϭcircular; Sϭsquare; and Rϭrectangular. The following parameters are presented in Table 5 in the same order: The crosssectional dimensions ͑diameter of the circular cross section D and sides b and h of the noncircular cross sections͒, side-aspect-ratio h / b, total column height H, gross cross-sectional area A g , longi- Table 5 . Specimens Characteristics In all the specimens, besides the strain gauges on longitudinal steel bars and ties, and the ones on the FRP jacket ͑at midheight͒, two linear potentiometers were fixed to two opposite sides of each specimen in order to measure the axial shortening.
The noncircular CFRP-wrapped specimens failed by FRP rupture at approximately midheight and at the corners. In the case of the circular specimen, the FRP rupture originated at midheight and by the conclusion of the test practically the entire jacket debonded ͑see Fig. 5͒ . Table 6 presents the theoretical values of maximum axial compressive strength f cc Ј and ultimate axial strain ⑀ ccu for confined concrete. Table 6 Table 7 presents the theoretical to experimental ratios of maximum compressive strength and axial deformation enhancement:
spectively. Table 7 is divided into three main columns of results corresponding to each selected cross-sectional shape: Circular, square, and rectangular. The experimental values of ⑀ ccu depend on each of the stress-strain behaviors observed for each specimen, i.e., the circular column featured a diagram corresponding to Curve d in Fig. 1 , and both the square and rectangular columns featured stress-strain behaviors similar to Curve c in Fig. 1 ͑where the ultimate axial strain ⑀ ccu corresponds to 0.85% of the maximum confined compressive strength f cc Ј . The stress-strain curves for the CFRP-wrapped specimens are shown in Fig. 6 . The axial and transverse strain values correspond to the average value provided by the linear potentiometers, and the average value provided by the strain gauges located at midheight, respectively. The 22.1 0.74 0.008 2.13 Note: 1 in.= 25.4 mm; 1 ksi= 6.9 MPa. Based on the provisions by each code for the limiting axial strain of unconfined concrete, the theoretical of ⑀ cu assumed for ACI was 0.003, and for the Concrete Society fib was 0.0035. transverse strain for the case of the prismatic specimens corresponds to the average values of four or two strain gauges located on opposite sides of the cross section. Fig. 7 shows the strengthening ratios f cc Ј / f co Ј obtained from the experiments and according to the guidelines. The overall trends of the lines corresponding to ACI, the Concrete Society, and fib predictions are in agreement with the notion that for approximately the same FRP volumetric ratio, the increment of confined compressive strength for noncircular cross sections, in particular rectangular, is less than for the case of circular cross sections. Note that within the prismatic specimens, CSA provides a higher strengthening ratio for specimens with rectangular cross sections when compared to specimens with square cross sections. The reason for this may be the fact that in this guideline, the computation of the confining pressure is dictated by the equivalent circular cross section whose diameter is the minimum dimension of the noncircular cross section in analysis ͑CSA-A.23.3-94͒. In other words, it is similar to confining smaller circular cross-sectional columns with the same amount of FRP reinforcement, yielding an increasing trend of the strengthening ratio with the side aspect ratio. Note, however, that for both cases of noncircular cross sections, the theoretical level of strengthening provided by CSA can be considered as negligible for being less than or approximately equal to 1.0. Fig. 8 shows the accuracy of the different codes with respect to the experimental results in terms of strength enhancement by plotting the ratios given in Table 7 ͓͑͑f cc
For the case of circular cross sections, only the Concrete Society and the "exact" equations by fib slightly overestimate the strength Based on the provisions by each code for the limiting axial strain of unconfined concrete, the theoretical value of ⑀ cu assumed for ACI was 0.003, and for the Concrete Society and fib was 0.0035. Fig. 6 . Stress-strain behavior of FRP-wrapped RC columns Fig. 7 . Strengthening ratios versus cross-sectional shape enhancement ͑approximately, 3%͒. Regarding the noncircular cross sections, only ACI and the Concrete Society overestimate the strength increase for both square and rectangular cross sections. The "exact" formulas by fib overestimate the strength enhancement for only the square type of cross section. Fig. 9 shows the accuracy of the guidelines in predicting the ultimate axial strain enhancement ⑀ ccu / ⑀ cu . A theoretical value of ⑀ cu = 0.003 was used in the case of ACI, and a value of 0.0035 was used in the cases of the Concrete Society and fib. Recall that CSA does not provide expressions for the calculation of ⑀ ccu . The estimations vary within a range of approximately ±50% of the experimental ratios, with the exception of the value corresponding to the "exact" equations from fib for the case of square columns ͑about 250%͒. As the ultimate axial strain of concrete is a function of different parameters ͑size and type of aggregates; mix proportions; water/cement ratio; and in the case of confined concrete, greatly influenced by the stiffness of the jacket material ͑De Lorenzis and Tepfers 2001͒, the accurate analytical representation of ⑀ ccu for design purposes is a challenge. This particular challenge is based on the difficulty posed by the inclusion of the influencing parameters, and in particular, the interaction of concrete dilation with confining FRP. Table 8 presents the theoretical to experimental ratios of loadcarrying capacity of the FRP-strengthened RC columns ͑P theo / P exp ͒. The theoretical or design values of axial resistance were computed considering the material safety factors and/or the strength reduction factors as required by each guideline ͑see Table  1͒ . Additionally, a value of 0.95 was assigned for the parameter C E ͑CFRP applications and interior exposure͒ in ACI, and a value of 1.2 was assigned for ␥ f ͑good quality control on application conditions and application process͒ in fib. The results presented in Table 8 are plotted in Fig. 10 . All the predictions appear to be conservative. The results mainly vary in a range from about 60 to 95% of the experimentally obtained load-carrying capacity, with the exception of the ratios corresponding to CSA that show a minimum percentage of about 40, which can be considered as too conservative.
Discussion
The limits presented in Table 2 , which primarily dealt with the dimensions of the specimens' cross sections, side aspect ratios ͑h / b͒, and loading types ͑concentric͒, are the results of the limited experimental evidence on the area of FRP-confinement of real-size RC columns. Additionally, these limits have not allowed the appropriate implementation of key effects in the current models. These effects have been identified as follows:
• The instability of longitudinal steel reinforcement; • The concrete dilation dependent on the pseudo-Poisson's ratio; • The contribution of the internal transverse steel reinforcement to the confinement; and • An appropriate reduction factor to account for the premature failure of the FRP jacket. Only the model presented by the Concrete Society introduces this parameter in the predicting equations. Two reasons may be the cause of this phenomenon; namely, the triaxial state of stress to which the FRP wrap is subjected as opposed to the pure axial state of coupons under material characterization ͑hoop stress in addition to the pressure laterally applied as a result of the concrete dilation͒ and the creation of stress concentration regions along the wrap product of the cracking of the concrete as it dilates. Regarding the maximum confined concrete compressive strength f cc Ј , the models presented by ACI and fib, which are both based on the Mander formula for steel-confined concrete, yield different results because of the selection of different expressions for key parameters. In the case of ACI, the maximum confined compressive strength f cc Ј is directly computed from the peak strength given by the Mander formula. However, the predictive equations from fib are developed based on two other relationships "merged" in the model by Spoelstra and Monti ͑1999͒: Popovics, a concrete stress-strain curve under a constant confining action, and the one developed by Pantazopoulou and Mills ͑1995͒ for the dilation characteristics of concrete, allowing one to establish a relationship between the axial and the transverse strain ͑Monti 2001͒. The design approaches presented by CSA and the Concrete Society belong to the empirical or analytical type, and the values given to their parameters were based on plain concrete specimens.
Regarding the determination of the confining pressure in a column of noncircular cross section, all the guidelines except CSA consider the effect of the cross-sectional geometry by the inclusion of a confinement effectiveness coefficient ͑k s ͒, which is expressed as a function of the side dimensions ͑b , h͒, corner radius ͑r͒, and the ratio of the area of longitudinal steel reinforcement to the cross-sectional area of the column ͑ l ͒. CSA dictates a constant value of 0.25 in addition to an equivalent diameter taken as the minimum side dimension of a noncircular cross section.
With respect to the consideration of a "strain efficiency factor" accounting for the premature failure of the FRP jacket, ACI and CSA limit the level of hoop strain in the FRP to be attained at failure ͑⑀ fe ͒ by taking the minimum value of either 0.004 or 0.75⑀ fu . However, this limitation is not based on FRP performance considerations. The Concrete Society includes a limiting value of strain ͑⑀ fe ͒ corresponding to 60% of ͑⑀ fu ͒ ͑based on experimental evidence͒. fib does not recommend a reduction factor at the present time.
The internal damage ͑cracking͒ of concrete under loading is only introduced in the models adopted by the Concrete Society and fib. In the former, the concrete deterioration is represented by experimentally fitted coefficients in the expression for the calculation of ⑀ ccu ͑Lam and Teng 2003a͒. In the latter, the damage is based on a constitutive model for unconfined concrete under uniaxial compression proposed by Pantazopoulou and Mills ͑1995͒, whose equations are rearranged to yield a relationship between lateral and axial strain. None of the presented guidelines introduces the effect of longitudinal steel reinforcement instability.
With respect to the accuracy of the predictive equations, CSA was the only guide providing a strengthening ratio for a column of rectangular cross section higher than the ratio corresponding to a square column, which is contrary to the intuitive notion that for increments of the side aspect ratio ͑h / b͒, the resulting f cc Ј decreases at an equal FRP volumetric ratio. However, the predictive values for both noncircular columns tested in this program were not larger than 1.0, a value associated with no strengthening.
The theoretical to experimental strength enhancement ratios for circular and noncircular cross sections ͓͑͑f cc Ј / f co Ј ͒ theo ͔ / ͓͑f cc Ј / f co Ј ͒ exp ͔͒ were best approximated by the predictive equations provided by the Concrete Society.
Regarding the prediction of the axial strain enhancement, only ACI and fib provide equations for circular and noncircular columns. The Concrete Society provides an equation solely for the case of circular columns. In general, the scatter of the predictions for strain enhancement was much larger than for strength enhancement. In fact, the "exact" equations by fib appear to overestimate the strain enhancement for the case of square columns by about 250%. This overestimation may be partly because of the difficulty in accurately representing the effects of parameters such as size and type of aggregates; mix proportions; water/cement ratio; and, in the case of confined concrete, the stiffness of the FRP jacket.
The design axial capacities of the strengthened RC columns were compared to the values experimentally obtained. Accounting for the guide-specific reduction and material factors, the design predictions from all guidelines were conservative, with the highest level provided by CSA and the lowest by the "exact" formulation from fib.
Conclusions
Design approaches for FRP confinement of RC columns from four international design guidelines were presented, reviewed, and compared. Limits and design equations for the calculation of the maximum axial compressive strength f cc Ј and ultimate axial strain ⑀ ccu of FRP-confined RC members for circular and noncircular cross-sectional shapes were outlined. The experimental results from six RC columns of different cross-sectional shapes ͑circular, square, and rectangular͒ were contrasted to theoretical predictions obtained in accordance to each guideline.
For the purpose of an appropriate comparison of axial deformation enhancement, it is necessary to set a stress value at which the measurement is made, particularly for the case of stress-strain curves with a descending second branch ͑see Curves b and c in Fig. 1͒ . For this, an arbitrary value of 0.85f cc Ј was adopted ͑Hognestad 1951͒.
Given the present knowledge and experimental evidence, the research community should consider further experimental and analytical work allowing one to confirm the basic assumptions, and providing relevant and substantial data information to feed and correctly calibrate numerical and analytical models. Although a vast experimental campaign on real-size RC columns following the conventional testing methodology is a choice, the current available sensing technology used in a few dimensionally relevant specimens represents an innovative alternative testing protocol, allowing one to obtain accurate information, and most important, allowing the understanding of the physical phenomena. The measurements should be targeted to the strain distribution along the perimeter of the FRP jacket, the strain distribution of the longitudinal and transverse steel reinforcement, the lateral ͑outward͒ deformation of the longitudinal steel bars product of the concrete lateral dilation ͑bar instability͒, the concrete dilation, and crack propagation detection. A more meaningful interpretation of the experimental data currently available in the literature would become possible once performance phenomena and controlling parameters are fully understood.
